Abstract. We study the formation mechanism of nanoparticles in thin films of the superconductor YBa 2 Cu 3 O 7-δ (YBCO). We form the films by metal-organic deposition (MOD) on buffered, textured metal substrates. Through the addition of Dy or Zr salts to the precursor solution we precipitate (Y,Dy) 2 O 3 and BaZrO 3 nanoparticles, uniformly distributed through the film thickness. By quenching samples during the film growth, we show the nanoparticles form in the precursor layer before YBCO growth. The size of the nanoparticles was quantitatively analysed by TEM. We found that Zr doping produces smaller nanoparticles than Dy doping.
Introduction
For practical applications of YBCO coated conductor wires, the enhancement of in-field critical current densities, J c (B), has become essential [1] . One method to improve the J c (B) performance is to increase the density of magnetic flux pinning centers in the form of dielectric nanoparticles. For this purpose, rare-earth and transition-metal elements, such as Dy and Zr have been doped into YBCO to form nanoparticles of (Y,Dy) 2 O 3 [2, 3] or BaZrO 3 [4, 5] . Both of these types of particles have been shown to increase the critical current density significantly at 77 K. The particles are of an optimal size to increase critical currents if they are of the same dimensions as the superconducting coherence length.
In YBCO thin films grown by metal-organic deposition (MOD), nanoparticle pinning centres can be introduced by precipitation from the precursor during film growth. It is useful to study the formation process of BaZrO 3 and (Y,Dy) 2 O 3 nanoparticles in these films to determine whether any control can be gained over their size distribution and spatial uniformity. By examining samples quenched part way through the reaction process we can show when the particles form. We measure the size distribution using transmission electron microscopy. The critical currents in YBCO films are a function of both the applied field-angle, θ, and the field strength, B. Nanoparticle additions do not necessarily increase the critical current under all conditions of field angle and strength, it is hence necessary to measure J c (B,θ) to determine the benefits, if any, of the nanoparticle additions.
Experimental
The samples were prepared using metal organic deposition (MOD) of trifluoroacetate precursors on a buffered metallic substrate, as described elsewhere [2] . The YBCO+10 at.%Zr, YBCO+35 at.%Dy, and YBCO+50 at.%Dy precursors are spin coated, decomposed and the film is then inserted into a pre heated reaction furnace. Concentrations of Zr and Dy is related to Y. In the quenching process they are rapidly removed from the furnace to room temperature before a complete conversion of the YBCO is achieved.
TEM cross-section samples were prepared by a standard procedure. The materials were mechanically polished to a thickness of ~20µm. Then the samples were thinned by Ar + ion milling. TEM work was performed using a JOEL 2011 transmission electron microscope operated at 200kV with a LaB 6 filament.
Results and Discussion

BaZrO 3 and (Y,Dy) 2 O 3 nanoparticle formation
YBCO + 10 at.%Zr coated conductor samples were quenched from the ex-situ reaction process. Figure 1 is a TEM micrograph of a sample quenched after 2 minutes at the reaction temperature. In Fig. 1 the YBCO reaction front is clearly discernible, and nanoparticles are present both in the reacted YBCO and in the remaining unreacted precursor. The YBCO crystal grows epitaxially on the substrate. As the precursor is amorphous or nanocrystalline the nanoparticle orientations have no relation to the substrate orientation and therefore are incoherent with the YBCO matrix that grows around them. Visible in Fig. 1 is a particle on the interface between reacted YBCO and precursor area (marked by arrow). This observation confirms that BaZrO 3 particles are formed before YBCO growth. Therefore, the BaZrO 3 particles are not coherent with the YBCO matrix. This result has also been reported by other groups [6] .
We also investigated quenched YBCO+35 at.%Dy and YBCO+50 at.%Dy coated conductor samples. Dy and Y co-substitute in both the (Y,Dy) 2 O 3 nanoparticles and the (Y,Dy)Ba 2 Cu 3 O 7 superconductor matrix approximately in the same ratio that they occur in the precursor. Figure 2 is a TEM micrograph of the YBCO+35 at.%Dy quenched sample. In this micrograph, nanoparticles are also observed in the reacted (Y,Dy)BCO and in the remaining unreacted precursor. We conclude the (Y,Dy) 2 O 3 nanoparticles also form before the (Y,Dy)BCO. The nanoparticle compositions have been confirmed previously [3] . Figures 3 and 4 show the TEM cross-sectional images of the fully reacted YBCO film containing BaZrO 3 and (Y,Dy) 2 O 3 nanoparticles (seen as dark particles). Both types of films typically include some significant porosity (seen as white regions). The films are approximately 0.8-1.0 µm thick. There is no obvious change in the nanoparticles size or distribution, with position in the cross section.
Nanoparticles in fully reacted YBCO films
The x-ray diffraction (XRD) patterns of undoped, 10 at.% Zr doped, and 50 at.% Dy doped YBCO samples are shown in Fig. 5 . The YBCO is well textured as evidenced by the strength of the (00l) peaks, and the absence of the (103), (013) peaks that are most intense for unaligned YBCO. The main point of difference to note is the appearance of peaks near 35° and 50° in both doped samples. These peaks can match (110) and (200) peaks respectively of a cubic crystal structure with lattice parameters of 0.426 nm (Zr doping) and 1.077 nm (Dy doping). These lattice parameters are
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Advanced Materials and Nanotechnology 1.6% and 1.0 % larger than for pure BaZrO 3 and Dy 2 O 3 , respectively. Such a change in the lattice might be due to the incorporation of Y in the particles. A peak at 33° in the undoped YBCO pattern is due to BaCeO 3 formed due to a reaction with the CeO 2 buffer layer. This reaction generally does not affect wire performance. We determined the nanoparticle sizes by direct measurement of a random sample of particles from the TEM micrographs. Figure 6 shows a comparison of the particle size distribution for the two systems. The curves are simple peak fits that are intended as guides to the eye only. The BaZrO 3 nanoparticles are seen to be significantly smaller than the (Y,Dy) 2 O 3 nanoparticles; from the fitted curves it is estimated that for (Y,Dy) 2 O 3 80% of particles are in the size range of 20-40 nm and for BaZrO 3 80% are in the range 11-24 nm. Both of these types of particles are much larger than the superconducting coherence length of 2-4 nm and are therefore larger than the optimum size for pinning. The particle sizes in the partially reacted film are qualitatively the same as in the fully reacted film, and qualitatively the same size near the surface or substrate. Hence, it appears the particles quickly obtain their final size by depleting the surrounding region of excess material and do not continue to grow through the process. As the Zr has lower concentration than the rare earths, Y or Dy, it is understandable that the growth of BaZrO 3 is limited more quickly resulting in a smaller particle size. Figure 7 shows the field-angle dependence of critical current in a 1.0 T field at 77 K in the YBCO films doped with Zr and Dy additions. As we have reported previously the addition of Dy or Zr increases the critical current over a wide angular range and in particular in the orientation B//c [2] . The smaller size of the BaZrO 3 particles does seem to be effective as we see a similar enhancement in currents for B//c despite the lower overall concentration of the particles. 
Superconducting properties for YBCO and doped YBCO films
Summary
In TEM micrographs of quenched Zr and Dy doped samples we observe nanoparticles in both the reacted YBCO and unreacted precursor areas. This demonstrates that the BaZrO 3 and (Y,Dy) 2 O 3 nanoparticles are formed before YBCO growth, and it is for this reason that they are incoherent with the YBCO lattice. The particle size distributions are compared, showing that BaZrO 3 particles are smaller than the Dy 2 O 3 particles. This seems to be beneficial to increasing the critical currents of the materials, allowing a similar increase in critical currents with less added material.
